INTRODUCTION
The cell body of a neuron is generally not thought to be involved in calcium-dependent exocytosis of neurotransmitters. Exocytosis of neurotransmitters occurs at synaptic terminals where communication between neurons is across a synaptic cleft of nanometer dimensions (Heuser and Reese, 1977) . Although communication between glial cells and neurons has been intensely investigated recently (Charles et al., 1991; Murphy et al., 1993; Mennerick and Zorumski, 1994; Nedergaard, 1994; Parpura et al., 1994) , little is known concerning communication between the neuronal cell body and other cells in the nervous system.
The basic question toward understanding the role of the cell body in cell-to-cell communication is whether the cell body of a neuron can release neurotransmitters under physiological conditions or following chemical stimulation. Previous reports have shown that mammalian neurons release neurotransmitters from the somato-dendritic region of the catecholamine system (Cheramy et al., 1981; Gauchy et al., 1987; Klitenick et al., 1992) .
Release of neurotrans=i itters from the cytoplasmic pool of neuronal cell bodies has also been reported (Johnson and Pilar, 1980; Suetake et al., 1981) . Exocytosis of the hormones vasopressin and oxytocin from cell bodies of hypothalamic neurons has been demonstrated by a combination of immunocytochemistry and electron microscopy (Pow and Morris, 1989) . This evidence suggests that the cell body of some neurons contains the necessary elements required for exocytosis.
Exocytosis of catecholamines from single adrenal cells (Leszczyszyn et al., 1990; Wightman et al., 1991; Chow et al., 1992; Zhou et al., 1994) , from pheochromocytoma cells (Chen et al., 1994) , serotonin from mast cells (Alvarez de Toledo et al., 1993) , and insulin from pancreatic ß-cells (Kennedy et al., 1993) has been monitored with electrochemical techniques. This recently developed method involves the use of small carbon fiber electrodes to monitor and quantitate catecholamines released from individual exocytotic events at the cell membrane. Dynamic measurements with unprecedented time resolution (Chow et al., 1992) , sensitivity (Chen et al., 1994) , and spatial resolution (Schroeder et al., 1994) have been used to define the exocytosis fusion pore, level of release from small vesicles, and zones of release at the cell surface, respectively. All these experiments have been carried out with hormonal cell model systems in culture. There have been to date no examples of monitoring vesicular exocytosis from synaptic-like vesicles from a neuron.
In this paper, we demonstrate the use of electrochemical techniques to monitor exocytosis from an intact neuron in dissected Planorbis corneus. The large dopamine neuron on the left pedal ganglion of Planorbis has been characterized with fluorescence and spectrophotofluorimetric techniques and is the only dopamine containing neuron of the Planorbis system (Marsden and Kerkut, 1970; Pentreath et al., 1974; Loker et al., 1975; Osborne et al., 1975: Berry and Pentreath, 1978) . This neuron has multiple monosynaptic connections with neurons in the visceral and left parietal ganglia and no connections have been identified with cells in the left pedal ganglion (Berry and Cottrell, 1973 Berry et al., 1974; Pentreath et al., 1974; Berry and Pentreath, 1978; MacDonald and Berry, 1978) . Tn addition, the cell body contains a large number of both light and dense cored vesicles Pentreath et al., 1974; Pentreath and Berry, 1975; Berry and Pentreath, 1978) . We demonstrate here that massive exocytosis occurs at the cell body of this neuron following extracellular and intracellular chemical stimulation, contrasting the common lore that all neuronal exocytosis activity occurs at the synaptic junction.
EXPERIMENTAL PROCEDURES

Electrodes and Voltammetric Procedures
Working electrodes were prepared from 10-|im-diameter carbon fibers sealed in glass capillaries (Kelly and Wightman, 1986) . The sensing tip of the electrode was exposed by cleaving with a surgical blade. The reference electrode was a sodium-saturated calomel electrode (SSCE). Constant-potential amperometry and fast-scan voltammetry were performed with a commercial potentiostat (EI-400, Ensman Instrumentation, Bloomington, IN). The applied potential for amperometry was 700 mV. A scan rate of 300 V/s cycled between -500 mV and 1000 mV with a delay time of 10 ms between scans was used for fast-scan voltammetry. The output was connected to an A/D converter (Labmaster, Scientific Solutions, Solon, OH) interfaced with an IBM personal computer. The capillary electrophoresis system used for these experiments was similar to that described elsewhere (Sloss and Ewing, 1993) . Briefly, the system consisted of a buffer filled capillary suspended across two buffer reservoirs. A high potential (0-30 kV) was applied at the injection end of the capillary and the detection end was held at ground potential. For exocytosis experiments, a petri dish containing the dissected snail, bathed in snail Ringer, was placed on the stage of a stereomicroscope (Nikon Corporation, Tokyo, Japan). The injection end of the electrophoresis capillary was removed from the buffer reservoir, attached to a micromanipulator and placed in the petri dish. Both the stimulation pipette and electrophoresis capillary were micromanipulated near the cell. The stimulation pipette containing 1 M KC1, was poised 20 ^m away from the cell, whereas the electrophoresis capillary was placed just above the cell. A 6-s stimulation (corresponding to 500 nL) was used to elicit exocytosis. Sampling of material by the electrophoresis capillary was accomplished by electromigration starting 4 s after stimulation with a duration of 30 s. After injection of the plug of material (1.0 nL), the electrophoresis capillary was returned to the buffer reservoir and a high potential (25) (26) (27) (28) (29) (30) kV) was applied to affect a separation. Detection was performed in the two electrode format. A 5-p.m carbon fiber microelectrode, with an exposed length of 500-700 urn, was micromanipulated inside the detection end of the electrophoresis capillary and held at +800 mV vs Ag/AgCl for all experiments. Faradaic currents were acquired with the aid of a Keithley Model 427 current amplifier (Cleveland, OH) and collected with a System Gold interfaced with an IBM PS/2 computer (Beckman Instruments, Palo Alto, CA).
Capillary Electrophoresis Experiments
Cell Procedures
Planorbis corneas were obtained from NASCO (Fort Atkinson, WI) and were maintained in aquaria at room temperature until used. The snails were dissected under a snail Ringer solution (39.5 mM NaCl, 1.3 raM KC1,4.5 raM CaCl2,1.5 mM MgCl2 and 6.9 mM NaCC>3) adjusted to pH 7.4. The physiological calcium levels are higher for invertebrate systems compared to mammalian systems. The dissection procedure and the identification of the dopamine containing neuron were described previously (Berry, 1972; Logan and Cottrell, 1975; Loker et al., 1975; Osborne et al., 1975; Lichtensteiger, 1979; Chien et al., 1988; Steiner and Felix, 1989) . Snail shells were smashed before snails were pinned with the ventral side uppermost in a wax-filled petri dish. The skin of the head part was cut open to reveal the brain. The ganglia ring was pinned at the connective tissue to the wax with 7-10 pins to extend the brain and expose individual cells. The outer connective tissue surrounding the brain was transparent and the orange-colored neurons could be seen beneath using a binocular microscope (70 x magnification). The outer connective tissue was removed from the surface of the pedal ganglion by a home-made fine pin with a 90-degree hook. Tie dopamine neuron is usually the largest cell (75-150 ^m in diameter) in the left pedal ganglion and is easily identified by its specific location close to the statocyst (Marsden and Kerkut, 1970; Berry et al., 1974; Loker et al., 1975; Osborne et al, 1975) . Experiments were performed immediately after dissection.
The petri dish containing the dissected snail was placed on the stage of a stereomicroscope (Nikon Corporation, Tokyo, Japan). A working electrode was positioned over the top of the cell body of the dopamine containing neuron with a three-dimensional micromanipulator Menzhauser (Zeiss, Germany). The electrode was manipulated so that it lightly touched the center of the cell body. Release of dopamine from the cell body of the dopamine neuron was induced through short-duration (4 s to 6 s) local applications of 1 M KC1 solution prepared in the snail Ringer solution (this corresponded to ejections of 87 to 131 nL). For calcium-dependent experiments, a calcium-free Ringer solution (CaCl 2 was replaced by MgCl 2 ) was used as the cell medium, and stimulation solutions (1 M KC1)
were prepared in the calcium-free Ringer, and high calcium (50 mM CaCl 2 ) Ringer respectively. For experiments using ionomycin, a 6 s (270 nL) local application of 200 liM ionomycin was used. All stimulation solutions were delivered by glass micropipettes controlled by a two-channel pressure application device (Picospritzer, General Valve Corporation, Fairfield, NJ). Typical tip dimensions of micropipettes for extracellular Stimulation were 10 fim. They were positioned with a raicropositioner (Medical Systems Corporation, Greenvale, NY) to a desired distance (5 to 20 Jim) from the cell body. For intracellular sodium stimulation experiments, micropipettes with tip diameters less than 1 |im and ejection volumes of picolitres were used. All data were digitized and filtered with a 100 Hz two-pole low pass filter. Experiments were carried out at room temperature.
Data Treatment
Transient current responses obtained in the amperometric mode were evaluated by locally developed peak-detection-integration software. Only transients with peak widths less than 40 ms and larger than 4 ms and peak heights larger than twice the peak-to-peak noise (dependent on the experiment) were considered. These transients were integrated by a trapezoidal method with respect to time to determine the amount of charge in units of 
Reagents and Drugs
Dopamine (DA), catechol, uric acid, dihydroxyphenylacetic acid (DOPAC) and 2-(Nmorpholinoethanesulfonic acid (MES), were obtained from Sigma (St Louis, MO) and were used as received. Dopamine solutions were deoxygenated for 20 min prior to experiments and a blank of nitrogen was then maintained over the solution. Ionomycin was purchased from ICN (Costa Mesa, CA) and was prepared in normal snail Ringer 8 solution. All solutions were prepared with doubly distilled water. For capillary electrophoresis experiments, standard solutions were made as 10 raM stock solutions in 0.1 M perchloric acid and diluted in snail Ringer (pH=7.4) prior to use. The separation buffer was 25 raM MES adjusted to pH=5.7 with solid NaOH and filtered with 0.2 (im Nylon 66 membrane filters (Supelco, Bellefonte, PA).
RESULTS
Current Transients are Observed at the Cell Body Following Chemical Stimulation
Electrochemical current transients were detected in vivo at a carbon fiber electrode placed on the exposed cell body (Fig. 1A) of the large dopamine cell of Planorbis corneus following cell stimulation with elevated potassium chloride (Fig. IB) . These current transients are also observed following intracellular stimulation with elevated sodium (vide infra) and are apparently the result of individual dopamine exocytotic events. These events have rise times typically between 2 and 4 ms and an average basewidth of 14 ± 0.8 ms ( Fig. 2A . In contrast to the commonly held belief that packaging of neurotransmitters in vesicles is invariant (Redman, 1990) , it is clear that a fairly broad distribution of vesicle sizes is available for release from the Planorbis cell body. The charge measured for an average transient corresponds to 1.36 amol of dopamine released per exocytotic event. The distribution of release transients might be the result of different vesicle sizes in the cell. A gaussian distribution of vesicle radii has been observed for adrenal cells by electron microscopy (Coupland, 1968) . As the amount of catecholamine is expected to vary directly with vesicle volume, a gaussian distribution is expected if the frequency of release events is plotted vs the cubed root of the number of dopamine molecules measured from each vesicle. This is shown in Fig. 2B . The gaussian shape of the major part of this histogram appears to indicate a distribution of vesicle sizes in the Planorbis cell similar to 10 that observed in adrenal cells and is compelling evidence that the current transients observed are indeed representative of individual exocytotic events from the cell body. It is interesting to note that this distribution also shows a smaller gaussian with an average vesicle content approximately four percent that of the large gaussian possibly indicating two specific classes of dopamine vesicles in this cell. Variation in vesicle size has previously been observed in this cell by electron microscopy Pentreath et al., 1974; Pentreath and Berry, 1975; Berry and Pentreath, 1978) and evidence for two specific compartments of dopamine vesicles has been obtained with capillary electrophoresis (Kiistensen et al., 1994) .
Evidence that Dopamine is Released
Identification of the released transmitter as dopamine has been carried out by comparing voltammograms for stimulated release (in this case, release was stimulated by intracellular injection of elevated sodium). The current transients observed after intracellular sodium stimulation are shown m Figure 3A with the corresponding voltammogram in Figure 3B .
A voltammogram for iopamine released by reverse transport is shown for comparison in Figure 3C . These vollxrimograms have similar half wave potentials and voltammetric shape. The only other substances observed to have similar half wave potentials and voltammetric shape axe epinephrine and norepinephrine. These substances are not detected in this ceil (Powell and Cornell, 1974; Osborne et al, 1975; Berry and Pentreath, 1978) . Thus it appears that the observed current transients are due to dopamine exocytosis from the cell body.
We have also used capillary electrophoresis with electrochemical detection (Mesaros et al., 1994) to identify the substance released following cell stimulation. An etched fused silica capillary was used to collect solution immediately outside the cell body for 30 s following a 6-s stimulation with elevated potassium (Figure 4) . The only significant material detected following release had an electrophoretic mobility of 2.34 x 10" 4 crrr/V.sec which is identical to that of dopamine. The peak at 11.2 minutes was due to an electroactive neutral species that is also observed in the snail Ringer. As the capillary tip opening was 20 to 30 micrometers wide, this technique allows us to sample release primarily from the single cell body in question.
Dopamine Release is Calcium Dependent
Release of neurotransmitter requires calcium influx into the cell to initiate the exocytotic machinery in the cell (Katz and Miledi, 1967; Llinäs and Nicholson, 1975) . The calcium dependence of the electrochemical response at a stimulated Planorbis dopamine cell has been examined in a calcium-free medium by sequentially stimulating the cell with elevated potassium containing calcium and not containing calcium (Fig. 5A) . Clearly, without a source of extracellular calcium, exocytosis of dopamine does not occur in this system. Finally, the calcium transporting substance, ionomycin, has been used to stimulate the dopamine cell (Fig. 5B) .
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DISCUSSION
The data presented here is the first example of a dynamic chemical measurement of calcium-dependent neurotransmitter release from individual exocytotic events at a neuron.
More importantly, however, this release is observed at the cell body of an intact neuron in vivo that has multiple synaptic connections on to other cells. It is not clear whether the released catecholamine is acting as a transmitter, a modulator, or a hormone. One might speculate that released dopamine is acting on a broad set of closely spaced neurons or other cells near the cell body. It has recently been suggested that most dopamine released from synaptic terminals in vivo escapes the synapse and acts on surrounding terminals (Garris et al.. 1994 ). Another possibility is that the released dopamine is acting as a trophic agent to guide neuronal growth cones during development. Recent evidence that acetylcholine acts as a trophic agent for directional growth of developing neurons in culture (Zheng et al., 1994 ) is consistent with this hypothesis. The neurons examined here were not developing, but rather in an adult Planorbis; however, the primitive neurons in an invertebrate might not possess the sophisticated cell machinery required to stop signaling after development.
It is important to determine if the exocytosis observed in these experiments is from the cell body or from other cell sources. Two alternative possibilities exist. Exocytosis could be observed from small glial cells known to be located around the dopamine neuron of Planorbis or it could be observed from dopamine terminals of other neurons connected to the Planorbis dopamine cell body. To test these alternatives, we have stimulated the dopamine cell intracellularly with sodium and have observed similar exocytotic events ( Figure 3A) to those observed by extracellular stimulation with potassium. In addition, we have also observed depolarization of the membrane potential of the dopamine cell during extracellular stimulation with potassium as measured by intracellular recording. This makes it unlikely that the release observed is from glial cells.
The possibility that the exocytosis observed is from terminals that synapse onto the dopamine cell is considered remote for the following reasons. First, intracellular sodium stimulation should not directly elicit exocytosis from external terminals. Second, fluorescence and spectro-photofluorimetric measurements have shown no other dopamine neurons in this system. Third, release from synapses is not expected to provide current transients with 2 to 4 millisecond rise times as exocytotic events inside the synaptic cleft would be removed from the electrode surface. Release from a synapse is expected to result in radial diffusion of the catecholamine out of the perimeter of the synapse. As active zones are typically micrometers across, the diffusion time would be hundreds of milliseconds to seconds in time. This has been modelled for multiple synapses in rat nucleus accumbens (Garris et al., 1994) .
The time scale of individual events is in the range expected for exocytosis with 2 to 4 ms rise time and 14 ms basewidth. It is important to note that to maintain an acceptable signal-to-noise ratio. Lhe data have been filtered with a 2-pole low pass filter having a roll off frequency of 100 Hz (Schroeder et al., 1992) . Thus, peak widths less than 10 ms are likely to be slightly broadened. Filtering at higher frequencies makes it difficult to discriminate smaller events from the noise, so a trade-off is present for quantitating all events. The 2 to 4 ms rise times must be thought of as an upper limit for the release events as the filtering and data acquision rates limit the response time to measurements in this range. Experiments are currently underway to increase the frequency of the time constant used while attempting to prevent loss of the smaller events.
The bursting pattern of exocytosis appears to indicate that the release of dopamine is in fact not a low-occurrence phenomenon. Bursting patterns in neuronal firing have been shown to be indicative of intracellular calcium fluctuations on longer time scales than the 14 bursting pattern shown here (Randriamampita and Tsien, 1993; Tse et al., 1993) . However, it is quite possible that fluctuations in intracellular calcium occur during stimulation of the dopamine cell in Planorbis. The use of ionomycin to stimulate the cell body effectively demonstrates that changes in intracellular calcium are required for the observed exocytosis of dopamine. Another possibility is that the bursting pattern observed in our data correlates to the individual action potentials or membrane potential oscillations that have been observed to take place with a pacemaker-like manner or bursting firing pattern for moUuscan cells and mammalian cells (Lichtensteiger et al., 1979; Arshavsky et al., 1988; Marcus and Carew, 1991; Jagadeesh etal., 1992; Kukuljan, 1992; Cardozo, 1993 ). This behavior is likely to result from interactions between the intact neuron and other neurons in this system clearly indicating the difference between these experiments in an intact neuron of Planorbis vs all previous exocytosis measurements by electrochemistry which have been carried out on hormonal cells in culture.
Our results show that exocytosis of a neurotransmitter can occur from the cell body of a processed neuron. For the system examined, the calcium dependence of release, voltammetric and electrophoretic identifications of the neurotransmitter, time course of individual release events, and the quantitative analysis of release events collectively and convincingly demonstrate that neurotransmitter exocytosis occurs following cellular stimulation. Interestingly, this cell does not appear to possess autoreceptors on the cell body. In contrast to experiments monitoring exocytosis at adrenal cells where autoreceptors appear to limit the number of quanta! events following a single stimulation (Zhou et al., 1994) , the Planorbis cell often releases thousands of vesicles following a stimulation. In one case, 89,000 exocytotic events were monitored from a single stimulation of a cell by intracellular sodium injection (40 pL) recorded over 130 min. The dopamine cell of Planorbis has been estimated to contain approximately 5.4 ± 0.6 picomoles of dopamine (Powell and Cottrell, 1974) , and has been shown to contain both light and dense core vesicles Pentreath et al., 1974; Pentreath and Berry, 1975; Berry and Pentreath, 1978) . As the average vesicle contains 1.36 attomoles of transmitter, there should be approximately 4x10 vesicles in the cell. This release represents approximately 2 % of the total vesicles in the cell.
In addition to the large number of vesicles released from this cell body, the amount of catecholamine released from these vesicles varies with a very interesting distribution. The histogram of events vs [he vesicle content shown in Figure 2A shows a bimodal distribution and each phase appears to drop off exponentially with fewer release events that result in larger amounts of catecholamine exocytosis. To explore this distribution more carefully, the histogram was plotted with the cubed root of vesicle content on the xaxis to correlate release events with the average radius of vesicles ( Figure 2B ). This plot clearly shows the bimodal distribution as two distinct gaussians. It certainly appears that there are at least two distinct classes of vesicles or release events occurring at this cell.
The smaller gaussian has an average vesicle size considerably smaller (4 %) than that of the dominant gaussian and only makes up 9 % of the total release events. Although two compartments of vesicles have been postulated for this cell before (Kristensen et al., 1994) , it has been assumed that these compartments represented releasable vs reserve stores of dopamine (Besson et al., 1969) . The classes of vesicles observed here are both releasable. These might represent dense vs light cored vesicles; however, many possibilities need to be explored here. This might be important in understanding the rationale for neurotransmitter exocytosis from the cell body of this neuron.
Further study should suggest the rationale for neurotransmitter exocytosis from the neuronal cell body. Non-exocytotic release of neurotransmitter has been observed from the cytoplasm of neuronal cell bodies (Johnson and Pilar, 1980; Suetake et al., 1981) and from the somato-dendritic region of mammals (Cheramy et al., 1981; Gauchy et al., 1987; 16 Klitenick et al., 1992) , although somatic-dendritic release can be partially inhibited by blockade of voltage-dependent calcium and sodium channels. In addition, exocytosis of the hormones vasopressin and oxytocin from ceU bodies of the hypothalamic neurons has been shown by a combination of immunocytochemistry and electron microscopy (Pow and Morris, 1989) . Dynamic exocytotic release of neurotransmitter from the cell body of a processed neuron has not yet been observed. Taken together with recent observations that glial cells can signal nearby neurons (Nedergaard, 1994; Parpura et al., 1994) , and that most dopamine released in the rat nucleus accumbens escapes the synapse (Garris et al., 1994) , the massive exocytotic release of neurotransmitter from the neuronal cell body shown here suggests a radically different wiring of the brain from the classical synaptic view. We are currently conducting experiments to assess the generalizability of exocytosis from cell bodies on chemical neurotransmission in the brain. 
